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This  report  summarizes  research  activities  conducted  at  the  University  of  Cincinnati  with 
the  support  of  a  continuing  grant  from  the  National  Aeronautics  and  Space  Administration 
(NASA),  Lewis  Research  Center  with  grant  number  NSG-3188.  The  iiiitiai  grant  was 
awarded  in  1978.  The  grant  concluded  in  December  1991. 

The  report  is  divided  into  four  parts  summarizing  the  principal  phases  of  the  research 
including  current  and  planned  future  efforts.  The  references  at  the  end  of  the  report 
summarize  the  findings  of  the  research. 


I.  GEAR  GEOMETRY 

Initial  research  efforts  focuses  upon  gear  tooth  geometry  -  particularly  as  encountered  in 

spiral  bevel  gears.  The  interest  in  the  geometry  of  these  gears  stems  from  several  factors: 

1)  Spiral  bevel  gears  are  integral  parts  of  helicopter  transmissions.  Their  performance, 
reliability,  and  life  are  critical  to  the  successful  operation  of  the  transmissions. 

2)  Spiral  bevel  gears  are  among  the  most  advanced  and  most  sophisticated  of  precision 
power  transmission  elements.  They  are  intended  to  transmit  power  through 
orthogonal,  intersecting  shafts  with  a  minimum  of  backlash,  vibration  and  noise. 

3)  Slight  changes  in  the  tooth  surface  geometry  of  spiral  bevel  gears  can  have  significant 
deleterious  effects  upon  gear  performance,  reliability,  and  life. 

4)  In  spite  of  a  widespread  use  of  spiral  bevel  gears  over  a  long  period  of  time,  their 
geometry  is  not  well  understood  in  either  an  analytical  or  an  empirical  sense. 
Indeed,  in  the  manufacture  of  spiral  bevel  gears  for  service  gear  tooth  modifications 
is  frequently  required  for  smooth  operation  of  the  gears. 

5)  Many  spiral  bevel  gears  are  fabricated  with  geometries  different  than  an  "ideal" 
geometry  which  would  evolve  from  involute  spur,  helical,  and  straight  bevel  gears. 

6)  If  the  tooth  geometry  of  a  spiral  bevel  gear  is  distorted  whether  by  errors  in 
fabrication  or  due  to  loading,  the  conjugate  nature  of  the  meshing  kinematics  is 
disrupted  leading  to  vibration  and  noise. 

Research  results  describing  and  quantifying  this  geometry  are  documented  in  References  [Jl, 

J2,  J3,  J7,  PI,  P2,  P6,  Rl,  R3,  R8,  D3]*.  These  results  are  based  primarily  on  geometrical 


‘Numbers  in  brackets  refer  to  the  references. 
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analyses  using  vector  methods  and  the  principles  of  differential  geometry'.  The  results 
demonstrate  both  the  complexity  of  the  surface  geometry  as  well  as  the  sensitivity  of  the 
geometry  to  slight  changes  in  position  and  orientation. 

More  recently,  the  research  produced  a  new  numerical,  computer-graphic  procedure  for 
studying  tooth  geometry.  This  procedure  uses  I-DEAS  software  developed  by  the  Structural 
Dynamics  Research  Corporation  (SDRC)  [P4,  P7,  P8,  R8,  RIO,  R13,  T2,  T3,  Dl,  D3],  The 
procedure  is  conceptually  quite  simple:  The  gear  fabrication  is  modelled  and  simulated 
using  computer  graphics.  Specifically,  the  cutting  tool  and  gear  blank  are  represented  by 
solid  models.  Then  the  impression  on  the  gear  blank  model  by  the  penetrating  and 
intruding  cutting  tool  model  is  a  model  of  the  gear  tooth.  That  is,  the  movement  iT  the 
simulated  tool  into  the  blank  produces  a  simulated  tooth  surface  just  as  the  tooth  surface 
would  be  physically  developed.  This  simulated  surface  is  then  a  numerical  representation 
of  the  gear  tooth  which  in  turn  can  be  used  for  kinematic,  dynamic,  and  strength  studies. 


II.  STRESS  ANALYSIS 

A  second  phase  of  the  research  was  stress  analysis  -  ranging  from  the  evaluation  of  root  and 
fillet  stresses  [J4,  J6,  P3,  PlO,  R2,  Dl]  to  contact  stresses  [P12,  Rll,  R12,  R14,  D5,  D6,  D7], 
The  research  produced  what  was  perhaps  the  first  documented  finite-element  stress  analysis 
of  gear  teeth  in  the  technical  literature  in  the  public  domain. 

These  stress  analyses  have  in  turn  produced  a  series  of  computer  programs  and  software  for 
gear  stress  computation  under  a  variety  of  loadings  and  geometries.  The  focus  of  the 
programs  which  have  been  developed  to  date  has  been  the  computation  of  root  and  fillet 
stresses  for  spur  gears  and  straight  bevel  gears. 

A  more  difficult  analysis  is  involved  in  the  computation  of  contact  stresses.  The  finite- 
element  method  (FEM)  is  not  very  well  suited  for  contact  stress  analysis  due  to  the  large 
stress  gradients  (stress  variation)  in  the  vicinity  of  the  contact  region,  and  due  to  the  a  priori 
unknown  extent  of  the  contact  area.  More  effective  procedures  for  evaluating  contact 
stresses  have  been  obtained  using  the  boundary  element  method  (BEM)  [PlO,  D5]  and  a 
recently  developed  method  using  point-load  superposition  of  fundamental  solutions  from  the 
theory  of  elasticity  [P12,  Rll,  R12,  D7J.  (This  latter  procedure  was  initially  developed  for 
studying  wheel/rail  stresses  in  railroad  cars.)  The  procedure  has  efficiently  produced 
accurate  results  for  a  wide  variety  of  gear  geometries.  The  development  and  application  of 
the  method  is  continuing  at  the  time  of  this  writing. 
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III.  GEAR  DYNAMICS  AND  VIBRATIONS 


A  third  phase  of  the  research  focused  upon  gear  and  shaft  vibration  and  dynamics  [J5,  J8, 
J9,  J10,  P5,  R4,  R5,  Tl,  D2].  This  research  was  conducted  primarily  by  Hsiang-Hsi 
(Edward)  Lin  who  is  currently  at  Memphis  State  University.  The  research  initiated  at  the 
University  of  Cincinnati  (under  Grant  NSG-3188)  has  led  to  separately  supported  research 
with  Professor  Lin  at  Memphis  State  University. 

The  results  of  this  research  have  produced  new  insights  into  gear  and  transmission  vibration 
which  had  not  been  aired  previously  in  the  public  domain  technical  literature. 


IV.  CURRENT  RESEARCH  AND  PLANNED  RESEARCH 

Although  the  monetary  support  for  the  research  under  Grant  3188  has  ended,  the  research 
effort  is  continuing.  The  current  work  is  focused  upon  the  further  development  of  the 
computer-graphic/finite-element  analysis  of  gear  stresses.  Using  recently  developed  software 
it  is  now  possible  to  simulate  meshing  gears  with  an  animation  of  the  stresses  and 
deformations  of  the  gear  teeth  as  they  pass  through  mesh. 

The  current  work  also  includes  the  further  development  of  the  point-load  superposition 
method  with  an  attempt  to  accommodate  general  geometries  under  various  friction 
conditions. 

Computer  programs  and  user  manuals  are  concurrently  being  developed. 

Future  research  will  involve  the  further  application  of  these  methods  with  an  emphasis  upon 
tooth  profile  modification  for  improved  precision,  strength,  and  reliability.  The  objective 
is  to  have  ideal  geometry  when  the  gears  are  under  load. 


3 


REFERENCES 


Journal  Articles 

Jl.  R.L.  Huston  and  JJ.  Coy,  "A  New  Approach  to  Surface  Geometry'  of  Spiral  Bevel 
Gears  -  Part  I:  Ideal  Gears",  Journal  of  Mechanical  Design ,  Transactions  ASME,  Vol. 
103,  No.  4,  1981,  pp.  127-132. 

J2.  R.L.  Huston  and  J.J.  Coy,  "Surface  Geometry  of  Circular  Cut  Spiral  Bevel  Gears," 
Journal  of  Mechanical  Design,  Transactions  ASME,  Vol.  104,  No.  4, 1982,  pp.  743-748. 

J3.  R.L.  Huston,  Y.  Lin,  and  JJ.  Coy,  ’Tooth  Profile  Analysis  of  Circular-Cut,  Spiral 
Bevel  Gears,"  Journal  of  Mechanisms,  Transmissions,  and  Automation  in  Design, 
Transactions  ASME,  Vol.  105,  1983,  pp.  132-137. 

J4.  S.H.  Chang,  R.L.  Huston,  and  JJ.  Coy,  "A  Finite  Element  Stress  Analysis  of  Spur 
Gears  Including  Fillet  Radii  and  Rim  Thickness  Effects,"  Journal  of  Mechanisms, 
Transmissions,  and  Automation  in  Design,  Transactions  ASME,  Vol.  105,  1983,  pp. 
327-330. 

J5.  H.H.  Lin,  R.L.  Huston,  and  JJ.  Coy,  "Dynamic  Analysis  of  Straight  and  Involute 
Tooth  Forms,"  Gear  Technology,  July/August,  1985,  pp.  6-12. 

J6.  S.H.  Chang  and  R.L.  Huston,  "UCIN-GEAR:  A  Finite  Element  Computer  Program 
for  Determining  Stresses  in  Spur  Gears",  Advances  in  Surface  Treatments,  (Niku-Lari, 
Editor)  Permagan  Press,  Oxford  1986,  pp.  249-256. 

J7.  R.L.  Huston  and  JJ.  Coy,  "Pressure  Angle  Change  in  the  Transverse  Plane  for 
Circular  Cut  Spiral  Bevel  Gears,"  Gear  Technology,  Vol.  5,  No.  3,  1986,  pp.  42-48. 

J8.  H.H.  Lin,  R.L.  Huston,  and  JJ.  Coy,  "On  Dynamic  Loads  in  Parallel  Shaft 
Transmission:  Part  1,  Modelling  and  Analysis,"  Journal  of  Mechanisms,  Transmissions, 
and  Automation  in  Design,  Transaction  ASME,  Vol.  110,  1988,  pp.  221-225. 

J9.  H.H.  Lin,  R.L.  Huston,  and  JJ.  Coy,  "On  Dynamic  Loads  in  Parallel  Shaft 
Transmissions:  Part  2,  Parameter  Study",  Journal  of  Mechanisms,  Transmissions,  and 
Automation  in  Design,  Transactions  ASME,  Vol.  110,  1988,  pp.  226-229. 

J10.  H.H.  Lin,  R.L.  Huston,  and  JJ.  Coy,  "On  Dynamic  Loads  in  Parallel  Shaft 
Transmissions,"  Gear  Technology,  1990,  pp.  18-27. 

Jll.  M.G.  Kittur,  F.B.  Oswald,  and  R.L.  Huston,  "Finite-Element  Grid  Improvement  by 
Minimization  of  Stiffness  Matrix  Trace,"  Computers  and  Structures,  Vol.  33,  No.  5, 
1989,  pp.  1215-1221. 


4 


Papers 

PL  R.L.  Huston  and  J.J.  Coy,  "A  Basis  for  the  Analysis  of  Surface  Geometry  of  Spiral 
Bevel  Gears",  Symposium  of  Advanced  Power  Transmission  Technology,  NASA 
Lewis  Research  Center,  June  9-11,  1981. 

P2.  R.L.  Huston  and  J.J.  Coy,  "Surface  Geometry  of  Circular  Cut  Spiral  Bevel  Gears”, 
ASME  Paper  81-DET-114,  ASME  Design  Engineering  Technical  Conference, 
Hartford,  CT,  1981. 

P3.  S.H.  Chang,  R.L.  Huston,  and  J.J.  Coy,  "A  Finite  Element  Stress  Analysis  of  Spur 
Gears  Including  Fillet  Radii  and  Rim  Thickness  Effects,"  ASME  Paper  82-WA/DE- 
35  ASME  Winter  Annual  Meeting,  Phoenix,  AZ,  1982. 

P4.  S.H.  Chang  and  R.L.  Huston,  "A  Computer  Aided  Design  Procedure  for  Generating 
Gear  Teeth",  ASME  Paper  84-DET-184,  Fourth  International  Power  Transmission 
and  Gearing  Conference,  Boston,  MA,  1984. 

P5.  H.H.  Lin,  R.L.  Huston,  and  J.J.  Coy,  "Dynamic  Analysis  of  Straight  and  Involute 
Tooth  Forms,"  Fourth  International  Power  Transmission  and  Gearing  Conference, 
ASME,  Boston,  MA,  1984. 

P6.  J.  Li  and  R.L.  Huston,  "Design  and  Analysis  of  Double  Circular  Arc  Profile  Spiral 
Bevel  Gears",  Ninth  International  Conference  on  Production  Research,  Cincinnati, 
OH,  1987,  published  in  Proceedings,  pp.  1551-1557. 

P7.  D.  Mavriplis  and  R.L.  Huston,  "Design  and  Manufacture  of  Gear  Teeth  Using 
I-DEAS",  SDRC  I-DEAS/CAEDS  User’s  Conference  Series,  Milford,  OH,  1988, 
published  in  Instructional  Proceedings,  pp.  47-56. 

P8.  S.H.  Chang,  R.L.  Huston,  and  JJ.  Coy,  "Computer  Aided  Design  of  Bevel  Gear 
Tooth  Surfaces",  ASME  Fifth  International  Power  and  Transmission  Gearing 
Conference,  1989,  Chicago,  IL,  published  in  Proceedings,  pp.  585-592. 

P9.  P.  Sompraki,  M.  Pourazady,  and  R.L.  Huston,  "Effect  of  Fitting  Parameters  on  Spur 
Gear  Stresses",  ASME  Fifth  International  Power  Transmission  and  Gearing 
Conference,  Chicago,  IL,  1989,  published  in  Proceedings,  pp.  815-821. 

P10.  H.  Sun,  D.  Mavriplis,  R.L.  Huston,  and  F.B.  Oswald,  "Comparison  of  Boundary 
Element  and  Finite  Element  Methods  in  Spur  Gear  Root  Stress  Analysis,”  ASME 
Fifth  International  Power  Transmission  and  Gearing  Conference,  Chicago,  IL,  1989, 
published  in  Proceedings,  pp.  163-166. 


5 


PI  1.  D.  Mavriplis  and  R.L.  Huston,  "Computer  Aided  Design  of  Spur  Gear  Teeth",  ASME 
Fifth  International  Power  Transmission  and  Gearing  Conference,  Chicago,  Ii,  1989, 
published  in  Proceedings,  pp.  539-545. 

P12.  P.  Somprakit,  R.L.  Huston,  and  F.B.  Oswald,  "Contact  Stresses  in  Gear  Teeth  -  A 
New  Method  of  Analysis",  ALAA  27th  Joint  Propulsion  Conference,  Sacramento,  CA 
1991. 


Reports 

Rl.  R.L.  Huston  and  J.J.  Coy,  "Ideal  Spiral  Bevel  Gears  -  A  New  Approach  to  Surface 
Geometry",  NASA  Technical  Memorandum  81446  and  AVRADCOM  Technical 
Report  80-C-5,  1980. 

R2.  S.H.  Chang,  R.L.  Huston,  and  JJ.  Coy,  "A  Finite  Element  Analysis  of  Spur  Gears 
Including  Fillet  Radii  and  Rim  Thickness  Effects",  NASA  Technical  Memorandum 
82865  and  AVRADCOM  Technical  Report  82-C-8,  1982. 

R3.  R.L.  Huston,  "Geometrical  Analysis  of  Circular-Cut  Spiral  Bevel  Gears",  NASA 
Contractor  Report  168226,  1983. 

R4.  H.H.  Lin  and  R.L.  Huston,  "Dynamic  Loading  on  Parallel  Shaft  Gears",  NASA 
Contractor  Report  179473,  1986. 

R5.  H.H.  Lin,  R.L.  Huston,  and  JJ.  Coy,  "On  Dynamic  Loads  in  Parallel  Shaft 
Transmissions  I:  Modelling  and  Analysis",  NASA  Technical  Memorandum  100180 
and  AVSCOM  Memorandum  100255  and  AVSCOM  Technical  Report  87-C-2. 

R6.  M.G.  Kittur,  R.L.  Huston,  and  F.B.  Oswald,  "Finite  Element  Grid  Improvement  by 
Minimization  of  Stiffness  Matrix  Trace",  NASA  Technical  Memorandum  100255  and 
AVSCOM  Technical  Report  87-C-4,  1987. 

R7.  M.G.  Kittar,  R.L.  Huston,  and  R.B.  Oswald,  "Improvement  in  Finite  Element 
Meshes:  Heat  Transfer  in  an  Infinite  Cylinder",  NASA  Technical  Memorandum 
101410  and  AVSCOM  Technical  Report  88-C-021,  1988. 

R8.  S.H.  Chang,  R.L.  Huston,  and  J.J.  Coy,  "Computer-Aided  Design  of  Bevel  Gear 
Tooth  Surfaces",  NASA  Technical  Memorandum  101449  and  AVSCOM  Technical 
Memorandum  88-C-005,  1989. 

R9.  M.G.  Kittar  and  R.L.  Huston,  "Mesh  Refinement  in  Finite  Element  Analysis  by 
Minimization  of  the  Stiffness  Matrix  Trace",  NASA  Contractor  Report  185170  and 
AVSCOM  Technical  Report  89-C-019,  1989. 


6 


RIO.  D.  Mavriplis  and  R.L.  Huston,  "Computer  Simulation  of  Gear  Tooth  Manufacturing 
Processes",  NASA  Contractor  Report  185200  and  AVSCOM  Technical  Memorandum 

90- C-003,  1990. 

Rll.  P.  Somprakit  and  R.L.  Huston,  "A  New  Procedure  for  Calculating  Contact  Stresses 
in  Gear  Teeth"  NASA  Contract  Report  187094  and  AVSCOM  Technical  Report 

91- 0012,  1991. 

R12.  P.  Somprakit,  R.L.  Huston  and  F.B.  Oswald,  "Contact  Stresses  in  Gear  Teeth  -  A 
New  Method  of  Analysis",  NASA  Technical  Memorandum  104397  and  AVSCOM 
Technical  Report  91-C-001,  1991. 

R13.  D.  Mavriplis,  R.L.  Huston,  F.B.  Oswald,  and  Y.S.  Liu,  "A  Basis  for  Solid  Modelling 
of  Gear  Teeth  with  Application  in  Design  and  Manufacture",  NASA  Technical 
Memorandum  105392  and  AVSCOM  Technical  Report  91-C-044,  1992. 

R14.  C.M.  Hseih  and  R.L.  Huston,  "Contact  Stresses  in  Meshing  Spur  Gear  Teeth:  Use 
of  an  Incremented  Finite  Element  Procedure",  NASA  Technical  Memorandum 
105388  and  AVSCOM  Technical  Report  90-C-029,  1992. 


Master  of  Science  Theses 

Tl.  V.  Srinivassan,  "Spur  Gear  Vibration  Analyses",  University  of  Cincinnati,  M.S.,  1982. 

T2.  A.  Mahajan,  "Computer  Simulation  of  Spur  and  Helical  Gear  Teeth  Manufacturing 
Processes",  University  of  Cincinnati,  M.S.,  1990. 

T3.  S.F.  D’Souza,  "Computer  Aided  Design  and  Simulation  of  Gear  Elements",  University 
of  Cincinnati,  M.S.,  1992. 


Doctoral  Dissertations 


Dl.  S.H.  Chang,  "Gear  Stress  Analysis",  University  of  Cincinnati,  Ph.D.,  1985. 

D2.  H.H.  Lin,  "Computer-Aided  Design  and  Analysis  of  Spur  Gear  Dynamics",  University 

of  Cincinnati,  Ph.D.,  1985. 

D3.  D.  Mavriplis,  "Computer-Aided  Design  of  Gear  Teeth",  University  of  Cincinnati, 
Ph.D.,  1988. 

D4.  M.  Kittur,  "Finite  Element  Grid  Improvement  by  Minimization  of  Stiffness  Matrix 
Trace,"  University  of  Cincinnati,  Ph.D.,  1988. 


7 


H.  Sun,  "Use  of  Boundary  Element  Method  in  Contact  Stress  Analysis,"  University 
of  Cincinnati,  Ph.D.,  1989. 

C.M.  Hseih,  "Contact  Stresses  of  Meshing  Spur  Gear  Teeth:  Use  of  Incremental 
Finite  Element  Techniques",  University  of  Cincinnati,  Ph.,D.,  1990. 

P.  Somprakit,  "Contact  Stress  Analysis  in  Gear  Teeth",  University  of  Cincinnati, 
Ph.D.,  1991. 


REPORT  DOCUMENTATION  PAGE 


form  Approved 
OMB  No  0704-0188 


Public  reporting  Du<aer  for  this  collection  of  information  is  estimates  to  average  ^  Dour  pe'  response  *nc;ud*ng  me  time  to'  reviewing  <nsfrwCt<or  c  searching  eAtv.mg  data  scarcer 
gathering  and  maintaining  the  oata  needed,  and  completing  and  reviewing  me  collection  of  information  Seng  comments  regarding  thus  Burden  estimate  o*  any  other  aspect  o-f  m 
collection  of  ^formation,  including  suggestions  for  reducing  this  Durden,  to  Washington  Headquarters  S*fw«s  Directorate  for  Information  Operations  anc  Hepons  jehersor 

Davis  Highway  Suite  1204.  Arlington,  VA  22202-4302.  and  to  the  Office  of  Management  anq  Budget.  PaperwC'*  Rec«ct«on  Protect  {0^04  Of  8c..  Washington  DC  ''0*503 


1.  AGENCY  USE  ONLY  (Leave  Wan*) 


4.  TTTLE  AND  SUBTITLE 


Computational  Gearing  Mechanics 


6.  AUTHOR (S) 

Ronald  L.  Huston 


2.  REPORT  DATE 


April  1993 


3.  REPORT  TYPE  AND  DATES  COVERED 

Final  Contractor  Report 


5.  FUNDING  NUMBERS 


WU-505-62-H) 
1L16221 1 A47A 
G-NSG-3188 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  AODRESS(ES) 

Mechanical,  Industrial,  and  Nuclear  Engineering 
University  of  Cincinnati 
Cincinnati.  Ohio  45221-0072 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


E-7808 


9.  SPONSORING/MONfTORING  AGENCY  NAME(S)  AND  ADDRESSEES) 

Vehicle  Propulsion  Directorate 
US.  Arm>  Research  Laboratory 
Cleveland.  Ohio  44135-3191 
and 

NASA  Lewis  Research  Center 
Cleveland.  Ohio  44135  -  319! 


11.  SUPPLEMENTARY  NOTES 


10.  SPONSOR  IN  G/MONtTORING 
AGENCY  REPORT  NUMBER 

NASA  CR- 191 127 
ARL-CR— 43 


Project  Manager,  Propulsion  Systems  Division,  Fred  B.  Oswald,  (216)  433-3957. 


12a.  DISTRIBUTION/A VAILABIUTY  STATEMENT 


12b.  DISTRIBUTION  CODE 


Unclassified  -Unlimited 
Subject  Category  37 


1 3.  ABSTRACT  (Maximum  ZOO  words) 


This  is  an  expository  report  summarizing  the  research  efforts  and  results  under  NASA  Grant  NSG-3188  to  the  Univer¬ 
sity  of  Cincinnati.  Since  the  grant  has  now  ended  this  report  also  serves  as  a  final  report  for  the  grant.  The  focus  of  the 
research  has  been  computational  gearing  mechanics.  Research  on  gear  geometry,  gear  stress,  and  gear  dynamics  is 
discussed.  Current  research  and  planned  future  efforts  are  also  discussed.  A  comprehensive  bibliography  is  presented. 


14.  SUBJECT  TERMS 


Gears;  Gear  analysis;  Gear  geometry;  Gear  dynamics;  Contact  stress 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION 
OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT 

Unclassified  Unclassified 


15.  NUMBER  OF  PAGES 

10 


16.  PRICE  CODE 

A02 


20.  LIMITATION  OF  ABSTRACT 


NSN  7540-01-280-5500 


Standard  Form  298  (Rev  2-89) 
Prescribed  by  ANSi  Std  Z39-18 
29P-102 


